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Abstract
Introduction
Antibiotic resistance poses a threat to public health and healthcare systems. Escherichia
coli causes more bacteraemia episodes in England than any other bacterial species. This
study aimed to estimate the burden of E. coli bacteraemia and associated antibiotic resis-
tance in the secondary care setting.
Materials and methods
This was a retrospective cohort study, with E. coli bacteraemia as the main exposure of
interest. Adult hospital in-patients, admitted to acute NHS hospitals between July 2011 and
June 2012 were included. English national surveillance and administrative datasets were
utilised. Cox proportional hazard, subdistribution hazard and multistate models were con-
structed to estimate rate of discharge, rate of in-hospital death and excess length of stay,
with a unit bed day cost applied to the latter to estimate cost burden from the healthcare sys-
tem perspective.
Results
14,042 E. coli bacteraemia and 8,919,284 non-infected inpatient observations were
included. E. coli bacteraemia was associated with an increased rate of in-hospital death
across all models, with an adjusted subdistribution hazard ratio of 5.88 (95% CI: 5.62–6.15).
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Resistance was not found to be associated with in-hospital mortality once adjusting for
patient and hospital covariates. However, resistance was found to be associated with an
increased excess length of stay. This was especially true for third generation cephalosporin
(1.58 days excess length of stay, 95% CI: 0.84–2.31) and piperacillin/tazobactam resistance
(1.23 days (95% CI: 0.50–1.95)). The annual cost of E. coli bacteraemia was estimated to
be £14,346,400 (2012 £), with third-generation cephalosporin resistance associated with
excess costs per infection of £420 (95% CI: 220–630).
Conclusions
E. coli bacteraemia places a statistically significant burden on patient health and the hospital
sector in England. Resistance to front-line antibiotics increases length of stay; increasing
the cost burden of such infections in the secondary care setting.
Introduction
Ensuring that safe, high quality treatments for infections are available for use is not only
important to patients and clinicians, but essential for sustainable health systems. The rising
incidence of severe infections (such as bacteraemia), combined with increased drug resistance
to treatment options, has been highlighted as a particular risk to human health by World
Health Organisation, European Centre for Disease Prevention and Control and the United
States (US) Centers for Disease Control and Prevention [1–3]. As a result, there have been a
number of national and international initiatives focusing on tackling infections with antibiotic
resistance-related pathogens [2,4–6].
E. coli bacteraemia is a threat to population health internationally. E. coli bacteraemia inci-
dence has increased in England (from 45.0 cases per 100,000 population in 2010 to 52.0 cases
per 100,000 population in 2014) [7], whilst E. coli is already the most frequent cause of such
infections in European hospitals and in community-onset bacteraemia in US elderly patients
[8,9]. The threat posed by antibiotic resistant strains of Escherichia coli has been highlighted as
a particular concern [1–3].
Despite the recent recognition of the public health threat posed by antibiotic resistance gen-
erally, and E. coli bacteraemia in particular, there is limited information as to its economic and
health burden [5,10]. Previous studies which have attempted to quantify the health and eco-
nomic cost associated with E. coli or Enterobacteriaceae related bacteraemia, have been limited
to quantifying the impact of bacteraemia caused by Enterobacteriaceae resistant to third gener-
ation cephalosporins from a limited sample of hospitals [8,11], or did not account for patient
risk factors and co-morbidities [12]. Evidence from such studies suggests that third generation
cephalosporin resistance is significantly associated with increased mortality for patients [8,11].
However, not much is known about the impact of resistance to other commonly used drugs
used in bacteraemia treatment pathways, such as piperacillin/tazobactam, ciprofloxacin or
gentamicin [7]. Previous evidence of the impact of resistance, in the case of E. coli or Entero-
bacteriaceae, also indicates that third-generation cephalosporin resistance or extended-beta
lactamase production is associated with increased length of stay (LoS) in hospital [8,11,13].
However, these studies have not been able to utilise national level samples, potentially reducing
generalisability of findings and applicability to the national English hospital setting
[8,10,11,13]
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Previous economic modelling has extrapolated from limited existing estimates to estimate
the potential long term impact of infection and resistance [5]. However, there remains a need
to produce robust estimates of the current health and economic burden of infection, due to
both resistant and sensitive organisms. This will enable evidence-based prioritisation of inter-
vention strategies such as antibiotic stewardship, new antibiotics, vaccines or susceptibility
testing [10]. Currently, the national burden of E. coli bacteraemia (and related resistant infec-
tions), in terms of excess mortality and cost, is unknown.
This study aimed to provide robust estimates of the health and cost burden associated with
antibiotic resistant and susceptible E. coli bacteraemia. Firstly, this study aimed to estimate the
impact of E. coli bacteraemia on patient in-hospital mortality and LoS. Secondly, to estimate
the effect of antibiotic resistance on these outcomes and thirdly to estimate the annual costs to
the English National Health Service (NHS) due to such infections. This study intended to pro-
vide estimates that can be utilised in future health economic models, including time-adjusted
LoS, cost and in-hospital mortality.
Materials and methods
Study design
A retrospective cohort study was performed in the English secondary care setting utilising
national whole system datasets. Data cleaning and subsequent statistical analyses were per-
formed in R version 3.3.3, utilising R-packages data.table, survival, etm, mvna and mstate,
available at CRAN (available at http://cran.r-project.org) [14–17].
Study setting, population and outcomes
This study was set in English acute NHS hospitals [18].
Ethical approval
Approval to utilise pseudo-anonymised data was given by Public Health England in the form
of an internal data access agreement, in line with their internal Information Governance pro-
cedure. Consent was not obtained as routinely collected data were analysed pseudo-anony-
mously. Analysis of these data to inform on the epidemiology of bacteria associated with
healthcare associated infections and antimicrobial resistance are among the stated purposes
for which PHE is authorised to retain and utilise the data used in this work.
(i) Exposures of interest. Exposed patients were defined as those who had a record in the
E. coli bacteraemia national mandatory surveillance database between July 1st 2011 and June
30th 2012 [12]. The Public Health England (PHE) mandatory E. coli bacteraemia surveillance
database, for this period, was previously linked deterministically by patient NHS number (a
unique patient identifier) with the PHE voluntary susceptibility surveillance database (Lab-
Base2) in a published analysis on 30-day all-cause mortality for E. coli bacteraemia patients by
Abernethy et al. [12]. Abernethy et al. utilised the most recent infection episode if multiple epi-
sodes were recorded per patient (though this was only the case for around 5% of patients) [12].
As the E. coli bacteraemia surveillance is mandatory for all hospitals within England, all labo-
ratory confirmed E. coli bacteraemia cases should be reported within this dataset. Though sus-
ceptibility reporting is voluntary, PHE compared results of sentinel surveillance studies and the
LabBase2 system; finding similar patterns in terms of resistance [7]. Because data on hospitalisa-
tions were only available for NHS hospitals (see below), only patients admitted to English acute
NHS hospitals were included. Note that within the previously-linked laboratory database, 99%
of specimens came from acute trust hospitals (according to stated specimen location).
Burden of antibiotic resistant and susceptible Escherichia coli bacteraemia
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This linked dataset held information on microbiological testing, including antibiotic
susceptibility and specimen date, for each E. coli bacteraemia exposure. In order to estimate
additional LoS and mortality attributable to infection, these linked data were further determin-
istically linked with a national hospital administrative database, ‘Hospital Episode Statistics’
(HES) Admitted Patient Care [19]. This was done using patients’ NHS numbers. Further infor-
mation on the hospital trust was obtained through deterministic linkage with Estates Return
Information Collection [18], using unique provider codes.
Antibiotic resistance, for the purpose of this paper, is defined as E. coli bacteraemia which
has been laboratory-classified as ‘resistant’ and ‘intermediate’ isolates, as done previously with
similar datasets [20]. The impact of antibiotic resistance was analysed for resistance to at least
one of the following antibiotics: ciprofloxacin, third generation cephalosporins (ceftazidime
and/or cefotaxime), gentamicin, piperacillin/tazobactam and carbapenems (imipenem and/or
meropenem). In addition, we analysed the impact of resistance against these individual antibi-
otics, except for carbapenem resistance, which was too rare for individual analysis.
Susceptibility testing was performed at a hospital level, whereby 95% of hospital laboratories
use the European Committee on Antimicrobial Susceptibility Testing methodology [20]. “Not
tested” in this study refers to cases where there were no relevant susceptibility testing results
available for that specific antibiotic (see descriptive statistics presented in the results section
for proportions of missingness).
E. coli bacteraemia isolates that had not been tested for each exposure category were placed
into the respective susceptible group. Descriptive statistics indicated that the non-tested iso-
lates were more similar to susceptible than to resistant isolates in terms of crude length of stay,
mortality and time-to-event measures. Therefore, throughout this paper ‘susceptible exposed’
refers to E. coli bacteraemia which has been laboratory-classified as ‘susceptible’ or ‘non-tested’
isolates (unless stated otherwise).
Onset of infection was defined utilising time of specimen as a proxy for time of infection
[12]. Community-onset exposed patients were defined as those for which date of specimen
was within the first two days of hospital admission [12,20]. If the specimen date was greater
than two days post-admission the exposure was classified as hospital-onset.
(ii) Non-exposure. “Non-infected” non-exposed patients were defined as all patients who
had been admitted to an acute NHS hospital in England (according to HES and estates data
[18,21]), with no recorded E. coli bacteraemia (according to the surveillance database [12])
during that hospital stay. Exposed patients were also treated as non-exposed until the time of
infection (time of specimen date).
Fig 1 gives an overview of the dataset cleaning and derivation of the final dataset, across
exposed and non-exposed cohorts. Exposed and “non-infected” non-exposed patients that had
been in hospital longer than 45 days were artificially right-censored, in line with previous
work using a similar methodology [11].
(iii) Outcomes of interest. The primary outcomes of this study were daily risk of in-hos-
pital mortality (as measured by hazard ratios (HRs) and cumulative incidences) and excess
LoS (as measured by HRs and excess days). LoS was defined as the difference between admis-
sion date and the last day (discharge or death) of one hospital spell. Same day events (e.g.
admission and discharge) were treated as being 0.5 days apart [22].
Statistical methods
Descriptive statistics were summarised using median and interquartile ranges for continuous
variables, and proportions (represented by percentages) for categorical variables.
Burden of antibiotic resistant and susceptible Escherichia coli bacteraemia
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Previous literature has stated the need to control for time dependency bias and/or compet-
ing risks, as well as potential patient/hospital confounders, when investigating the impact of
resistance and hospital onset infections on hospital LoS and in-hospital mortality [23,24]. This
led to both multistate models (accounting for time-dependency and competing risk bias) and
time-dependent hazard models (additionally accounting for patient/hospital covariates) being
constructed.
(i) In-hospital mortality. When in-hospital mortality is the only available mortality out-
come indicator available, the competing risk of being discharged alive should be taken into
account [24]. The Aalen-Johansen estimator was used to estimate the cumulative incidence of
in-hospital mortality events over the 45-day period, given that patients could also be dis-
charged within that time [15,25]. Pointwise 95% confidence intervals were estimated. Such
estimates can be used in the estimation of transition probabilities in health economic models.
However, to investigate whether exposures of interest still significantly impact mortality
once other potential covariates were taken into account, subdistribution HRs (SHRs) were cal-
culated [24]. This method puts discharged patients back into the risk-set. The baseline covari-
ates included in the adjusted models were age, sex, a ‘modified Elixhauser comorbidity index’
[26] and hospital trust type [18]. Age and Elixhauser comorbidity index values were centred to
their respective means. Infection was treated as a time-dependent exposure [11,22]. Unad-
justed and adjusted HRs were then compared to understand the impact of patient covariates
on the exposure-outcome relationship.
(ii) Length of stay. To account for time-dependency bias in calculating the impact of
exposures on LoS, the Aalen-Johansen estimator was used to estimate the time-varying
Fig 1. Linked dataset cleaning. �Variables needed for spell creation were HES identifier (‘extract_hesid’), admission
date (‘admidate’), provider code, (‘procodet’), start of episode (‘epistart’), end of episode (‘epiend’) and method of
discharge (‘dismeth’). ��The spell was coded as being related to the exposure if specimen was less 14 days before
admission or occurred during admission. ��� Those that had not experienced infection prior to or on day 45 were
treated as non-exposed patients and censored at day 45 (which causes the move of patients from exposed to unexposed
category (n = 232)), this is due to our analysis being performed within the first 45 days of a patient’s hospital spell.
https://doi.org/10.1371/journal.pone.0221944.g001
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transition probabilities between the health states within the multistate model [11,25,27]. The
Aalen–Johansen estimator is produced from cumulative transition hazards, which are based
on the number of patients that are in each state at t-1 and the number of patients that transi-
tion out at time t [11, 27]. The expected LoS (on each day), given that you are in a certain state
just before this day, was calculated as a function of these transition hazards of moving from the
state in question (e.g. not infected) to a discharged state (e.g. discharged alive) [27]. The mean
difference in expected LoS between transient states (states 0 and 1a/1b/1c notation in Fig 2)
was calculated on each day) and averaged across all days. This method for estimating transition
probabilities is in line with previous studies utilising the multistate methodology to estimate
infection-related, time-adjusted excess LoS [11,13,22].
The software utilised can construct 3–4 state multistate models [14–17]. Initial multistate
models first compared E. coli infection (1c, Fig 2) to no infection (0, Fig 2) to estimate excess
LoS comparing E. coli exposed to non-infected non-exposed patients(giving Z). To estimate
the excess LoS comparing resistant and susceptible cases (Y), the model was run with the cho-
sen resistant exposure(1a, Fig 2) compared to its respective susceptible exposure (1b, Fig 2),
whereby patients entered the model on getting the infection (i.e. enter at 1a or 1b at time of
infection, including infection time t = 0). The following equation (which represents a weighted
average of excess LoS, weighted by susceptibility prevalence) was then solved;
PS � X þ PR � ðX þ YÞ ¼ Z ð1Þ
where PS and PR represent the proportion of susceptible and resistant cases respectively and X
represents the excess LoS comparing all susceptible-exposed to non-infected non-exposed.
This allowed for the computation of excess LoS estimates for susceptible and resistant exposed
patients comparative to non-infected non-exposed.
In the multistate models 95% confidence intervals were estimated through bootstrap sam-
pling, using estimated percentiles.
To investigate whether exposures of interest still significantly impact LoS once other
potential covariates were taken into account, Cox proportional hazards models for dis-
charge outcomes were constructed. Adjusted models included the same variables as in the
subdistribution HR models for death outcomes.
Fig 2. Multistate model schematic for excess length of stay estimation. Potential health states are depicted by the boxes and the direction in which they may travel
depicted via arrow directionality. State 0 = “Admission, No Infection”, State 1 = “Infection of Interest” with 1a relating to infections with resistant E. coli, 1b infections
with susceptible E. coli and composite state 1c being all E. coli infections, state 2a = “In-hospital Death” and state 2b = “Discharge Alive”. States 2a and 2b, together, form
the LoS endpoint, 2c.
https://doi.org/10.1371/journal.pone.0221944.g002
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The proportional hazards assumption was checked utilising plots of corresponding Schoen-
feld residuals over time [16]. Slight deviations were found for the infection variable over time,
therefore observations were grouped into time periods to account for this, utilising a step func-
tion approach, to produce time-dependent coefficients [16]. Therefore, our analysis presents
two HRs for each independent variable for different time periods. The HRs for discharge (alive
or dead) are defined for the first two days and from two days onwards [16].
Using the above methodology allows for the computation of time- and covariate-adjusted
estimates of the impact of independent variables on the daily risk of discharge, a proxy for LoS
[11,22]. However, these models do not easily translate into time-adjusted excess LoS in days.
Therefore, to attempt to account for time-dependency and patient covariates, whilst providing
useful parameters than can be utilised in future health economic models, subgroup analyses
were also performed.
(iii) Subgroup analysis. Subgroups were defined by age and sex (over and under 65 years
of age, for both women and men). In-hospital mortality cumulative incidence and excess LoS
were estimated for hospital-onset and community-onset exposed patients separately.
(iv) Cost. Costs were estimated from the healthcare system perspective. Cost per spell was
estimated by applying England’s Department of Health reference cost for an excess bed-day (an
average of bed day cost for days over Health Resource Group ‘limits’) in secondary care (£264 in
2011/12) to the number of excess days estimated in the main analysis [28]. This number was mul-
tiplied by the total number of attributable spells (i.e. incidence of attributable hospital spells) to
give an estimate of the annual burden in 2011–12. Results were then rounded to the nearest £10
for cost per spell and to the nearest £100 for annual burden, given the lack of certainty surround-
ing the precision of such estimates. All costs presented are in 2012 Great British Pound (£).
95% confidence intervals were estimated by applying the unit cost to the 95% confidence
interval lower and upper bounds for excess LoS estimates. These bounds were then multiplied
by incidence to estimate total annual cost 95% confidence intervals.
Results
Across the period of interest (financial years 2011–2012 inclusive) 25,185,959 hospital episodes
were initially retrieved from HES. 290,247 hospital episodes were linked to E. coli bacteraemia
exposed patients. Once the described data cleaning had been applied, 14,042 exposed and
8,919,284 non-exposed spells were included in this study (Fig 1). Tables 1 and 2 show the
descriptive statistics of the cohorts analysed, with Table 2 focusing on within-infected charac-
teristics. The majority of cases were community-onset (80%, n = 11,281).
(i) In-hospital mortality
Utilising an Aalen-Johansen estimator to estimate cumulative incidence of in-hospital death,
whilst accounting for competing risks, found that 1.29% (95% CI; 1.28%– 1.30%) of non-
infected patients experience in-hospital mortality compared to 14.33% (95% CI; 13.74%–
14.94%) of E. coli bacteraemia patients (S1 Table) within 45 days after admission. Such results
show that the 95% CIs do not cross, indicating statistical significance. This is also seen for all
tested antibiotic susceptibility exposure groups apart from gentamicin (S1 Table).
Comparing the unadjusted and adjusted subdistribution HR (SHR) estimated utilising a
subdistribution hazard approach (Table 3) shows that adjusting for patient and hospital covari-
ates reduces the strength of the association between resistance to all tested antibiotics and in-
hospital mortality. Though, E. coli bacteraemia (regardless of susceptibility profile) still was
associated with an increased subdistribution hazard of in-hospital death; almost six-fold.
Burden of antibiotic resistant and susceptible Escherichia coli bacteraemia
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(ii) Length of stay
From the multi-state model it was estimated that E. coli bacteraemia is associated with 3.87
(95% CI; 3.69–4.04) excess hospital days (Table 4). With third generation cephalosporin and
Table 2. Descriptive statistics by infection type.
Type of Infection Frequency (%) In–hospital mortality (%)a Median LoS (IQR)a
Onset of Infection Hospital Onset 2,761 (20%) 588 (21%) 24 (14–39)
Community Onset 11,281 (80%) 1365 (12%) 6 (3–12)
Third-generation cephalosporin Susceptible 8,272 (59%) 1127 (14%) 8 (4–16)
Resistant 879 (6%) 152 (17%) 11 (6–24)
Not tested or missing 4,891 (35%) 674 (14%) 8 (4–17)
Carbapenem Susceptible 9,039 (64%) 1265 (14%) 8 (4–17)
Resistant 11 (0.1%) 1 (9%) 9 (4.5–14)
Not tested or missing 4,992 (36%) 687 (14%) 8 (4–17)
Ciprofloxacin Susceptible 8,352 (59%) 1079 (13%) 7 (4–16)
Resistant 1,803 (13%) 306 (17%) 10 (5–20)
Not tested or missing 3,887 (28%) 568 (15%) 8 (4–18)
Gentamicin Susceptible 9,956 (71%) 1361 (14%) 8 (4–16)
Resistant 924 (7%) 140 (15%) 10 (5–23)
Not tested or missing 3,162 (23%) 452 (14%) 8 (4–18)
Piperacillin/
tazobactam
Susceptible 8,901 (63%) 1214 (14%) 8 (4–16)
Resistant 848 (6%) 142 (17%) 12 (6–24)
Not tested or missing 4,293 (31%) 597 (14%) 8 (4–17)
Resistant to at least one of the above antibiotics Susceptible to tested antibiotics 8,402 (60%) 1098 (13%) 7 (4–15)
Resistant to at least one tested antibiotic 2,661 (19%) 428 (16%) 10 (5–20)
Not tested for any of the above antibiotics 2,979 (21%) 427 (14%) 8 (4–17)
a These are unadjusted descriptive statistics related to each row/characteristic group.
Abbreviations: IQR; interquartile ranges.
https://doi.org/10.1371/journal.pone.0221944.t002
Table 1. Descriptive statistics for exposed and non-exposed hospital spells.
Variable Characteristic (measure) E. coli bacteraemia exposed spells Non-infected Non-exposed spells
Sample Size Number of Hospital Spells 14,042 8,919,284
s Male 6,627 (47%) 3,866,241 (43%)
Female 7,415 (53%) 5,053,034 (56%)
Median Age Median age (IQR) 75 (62–83) 60 (40–74)
Modified
Elixhauser Comorbidity Index
< = 0 5,197 (37%) 5,502,125 (62%)
1–4 3,415 (24%) 1,483,025 (17%)
5–9 2,307 (16%) 828,526 (9%)
10–14 1,939 (14%) 929,340 (10%)
15–19 740 (5%) 127,550 (1%)
> = 20 444 (3%) 48,718 (1%)
Organisation Type Acute (large, medium small) 10,064 (72%) 6,002,799 (67%)
Other (multi-service, specialist, teaching) 3,978 (28%) 2,916,485 (33%)
Average length of stay Median days in hospital (IQR) 8 (4–17) 0.5 (0.5–2)
Mortality In-Hospital Mortality 1,953 (14%) 114,793 (1%)
Descriptive statistics are measured as a count (percentage) unless specified otherwise in the “Characteristic” column. Abbreviations: IQR; interquartile ranges.
https://doi.org/10.1371/journal.pone.0221944.t001
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piperacillin/tazobactam resistance having the largest association with increased LoS, in com-
parison to the other tested antibiotics. Third generation cephalosporin was associated with
1.58 (95% CI; 0.84–2.31) excess days compared to equivalent third generation cephalosporin
susceptible infections. Ciprofloxacin resistance was not significantly associated with excess
LoS in the time adjusted model.
Comparing all exposures of interest to the baseline “non-infected” non-exposed group pro-
vided the estimates displayed in Fig 3 (see S2 Table for numerical estimates). This suggests that
excess LoS associated with susceptible infections is between three and four days, whilst excess
LoS associated with resistant infections is larger, but also more varied and uncertain (depen-
dant on the type of antibiotic resistance).
The Cox proportional hazards models results (Table 5) show that, having accounted for
patient characteristics and hospital characteristics on admission, an E. coli bacteraemia still sig-
nificantly was associated with a reduced hazard of experiencing a discharge event (alive or dead).
Resistance, in all tested, was found to also have a significant association with a reduced hazard of
experiencing discharge event (Table 5). Just focusing on those with a LoS of greater than two
days from admission, third generation cephalosporin and piperacillin/tazobactam resistance had
the strongest association with the hazard of experiencing a discharge event [HR = 0.69 (95% CI;
0.64–0.74) for both] (Table 5). This is consistent with the multistate model results.
(iii) Subgroup analysis
To provide age and sex-adjusted estimates of LoS (in days) and incidence of mortality (in
terms of cumulative incidence at day 45), the same multistate model methods utilised above
Table 3. Daily subdistribution hazard ratios for in-hospital mortality.
Exposed Group In-hospital mortality—unadjusted
SHR (95% CI)
In-hospital mortality—adjusted
SHR (95% CI)a
E. coli bacteraemia 13.27(12.69,13.88) 5.88(5.62,6.15)
E. coli bacteraemia resistant to at least one
tested antibiotic b
16.06(14.61,17.66) † 6.24(5.67,6.86)
E. coli bacteraemia susceptible to all tested
antibiotics b
12.66(12.03,13.31) 5.79(5.50,6.09)
Ciprofloxacin resistant E. coli bacteraemia 17.96(15.32,21.06) 6.75(5.75,7.91)
Ciprofloxacin susceptible E. coli
bacteraemia
12.99(12.40,13.61) 5.82(5.55,6.10)
Third generation cephalosporin resistant
E. coli bacteraemia
16.93(15.13,18.94) † 6.42(5.74,7.18)
Third generation cephalosporin
susceptible E. coli bacteraemia
12.76(12.16,13.40) 5.79(5.52,6.08)
Gentamicin resistant E. coli bacteraemia 15.52(13.15,18.32) 6.11(5.18,7.22)
Gentamicin susceptible E. coli bacteraemia 13.13(12.53,13.75) 5.86(5.60,6.14)
Piperacillin/tazobactam resistant E. coli
bacteraemia
17.7(15.01,20.87) † 7.00(5.93,8.25)
Piperacillin/tazobactam susceptible E. coli
bacteraemia
13.02(12.43,13.64) 5.81(5.54,6.09)
The comparator was “non-infected” non-exposed. Day zero refers to the day of admission.
a Adjusted for age, sex, Elixhauser comorbidity index and organisation type.
b Tested antibiotics included ciprofloxacin, third generation cephalosporins, gentamicin, piperacillin/tazobactam and
carbapenems.
† Significant difference between resistant and susceptible cases as defined by confidence intervals.
Abbreviations: CI; confidence interval, SHR; subdistribution hazard ratio.
https://doi.org/10.1371/journal.pone.0221944.t003
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Table 4. Excess length of stay estimated by multistate models.
Exposure group Non-exposed comparator Excess Length of Stay in Days
(95% CI)–Time Adjusted a
E. coli bacteraemia “Non-infected” Non-exposed 3.87 (3.69–4.04)
E. coli bacteraemia resistant to at least
one tested antibiotic b
E. coli bacteraemia susceptible to all
tested antibiotics b
0.84 (0.37–2.31) †
Ciprofloxacin resistant E. coli
bacteraemia
Ciprofloxacin susceptible E. coli
bacteraemia
0.46 (-0.11–1.03)
Third generation cephalosporin
resistant E. coli bacteraemia
Third generation cephalosporin
susceptible E. coli bacteraemia
1.58 (0.84–2.31) †
Gentamicin resistant E. coli
bacteraemia
Gentamicin susceptible E. coli
bacteraemia
0.89 (0.20–1.58) †
Piperacillin/tazobactam resistant E.
coli bacteraemia
Piperacillin/tazobactam susceptible E.
coli bacteraemia
1.23 (0.50–1.95) †
Non-infected non-exposed refer to patients in hospital without an E. coli bacteraemia.
a Time-adjusted through multistate models.
b Tested antibiotics included ciprofloxacin, third generation cephalosporins, gentamicin, piperacillin/tazobactam and
carbapenems.
† Significant difference between resistant and susceptible cases as defined by confidence intervals.
Abbreviations: CI; confidence interval.
https://doi.org/10.1371/journal.pone.0221944.t004
Fig 3. Excess length of Stay of E. coli Bacteraemia. Excess days associated with an exposure were calculated in comparison to “non-infected” non-exposed, i.e. patients
in hospital without an E. coli bacteraemia. Error bars represent the 95% confidence intervals derived from bootstrapping. ��“Resistant to 1 or more” refers to being
resistant to at least one of the tested antibiotics (ciprofloxacin, third generation cephalosporins, gentamicin, piperacillin/tazobactam and carbapenems). Abbreviations:
3GC; third-generation cephalosporin, E. coli; Escherichia coli, pip/taz; piperacillin/tazobactam.
https://doi.org/10.1371/journal.pone.0221944.g003
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were performed on subgroups. E. coli bacteraemia was associated with in-hospital mortality
and excess LoS in all subgroups. Resistance was not clearly associated with the cumulative inci-
dence of in-hospital mortality in most subgroups tested for most antibiotic susceptibilities (see
Table 6 and S3 Table). This is consistent with the subdistribution hazard results.
Third-generation cephalosporin resistance and piperacillin/tazobactam resistance were the
only individual antibiotic resistance profiles that were associated with LoS outcomes when
subgroups were tested. Results for these antibiotic susceptibility profiles are provided in Tables
6. Comparing results across the different subgroup analyses presented in Tables 6 highlights
that having an E. coli bacteraemia was associated with stronger effects among younger sub-
groups, whilst resistance was associated with larger effects among the older subgroups, in
terms of average excess length of stay. For other subgroup estimates related to other antibiotic
exposure groups of interest refer to S3 Table.
Community-onset cases had substantially larger estimates of excess LoS [3.32 days (95% CI;
3.13–3.51)] compared to hospital-onset cases [0.96 days (95% CI; 0.84–1.08)]. Meanwhile, hos-
pital-onset cases had a significantly higher in-hospital mortality incidence. In-hospital death
cumulative incidence was 30.80% (95% CI; 28.02–33.79%) for hospital-onset versus 12.10%
(95% CI; 11.51–12.72%) for community onset.
(iv) Cost
Applying the Department of Health Reference cost for an excess bed-day [28] to the estimates
for excess LoS gives a cost per spell of per in-patient with E. coli bacteraemia of £1,020 (95%
Table 5. Daily risk of experiencing discharge events.
Exposure group Adjusted HR for the first
two days
(95% CI) a
Adjusted HR from two days
onwards
(95% CI) a
E. coli bacteraemia 0.15 (0.15–0.16) 0.83 (0.82–0.84)
E. coli bacteraemia resistant to at least one tested
antibiotic b
0.14 (0.13–0.15) 0.75 (0.72–0.78) †
E. coli bacteraemia susceptible to all antibiotics
tested b
0.16 (0.15–0.16) 0.85 (0.83–0.86)
Third generation cephalosporin resistant E. coli
bacteraemia
0.12 (0.10–0.14) † 0.69 (0.64–0.74) †
Third generation cephalosporin susceptible E. coli
bacteraemia
0.16 (0.15–0.16) 0.84 (0.82–0.85)
Ciprofloxacin resistant E. coli bacteraemia 0.14 (0.12–1.16) 0.76 (0.72–0.80) †
Ciprofloxacin susceptible E. coli bacteraemia 0.16 (0.15–0.16) 0.84 (0.82–0.86)
Gentamicin resistant E. coli bacteraemia 0.12 (0.10–0.14) † 0.75 (0.70–0.80) †
Gentamicin susceptible E. coli bacteraemia 0.16 (0.15–0.16) 0.83 (0.82–0.85)
Piperacillin/tazobactam resistant E. coli
bacteraemia
0.13 (0.11–0.16) 0.69 (0.64–0.74) †
Piperacillin/tazobactam susceptible E. coli
bacteraemia
0.15 (0.14–0.17) 0.83 (0.82–0.85)
Cause-specific hazard ratios for time to discharge (alive or dead) estimated through Cox proportional hazards
models, the comparator was “non-infected” non-exposed. Day zero refers to the day of admission.
a Adjusted for age, sex, Elixhauser comorbidity index and organisation type.
b Tested antibiotics included ciprofloxacin, third generation cephalosporins, gentamicin, piperacillin/tazobactam and
carbapenems.
† Significant difference between resistant and susceptible cases as defined by confidence intervals.
Abbreviations: CI; confidence interval, HR; hazard ratio.
https://doi.org/10.1371/journal.pone.0221944.t005
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CI;£970 –£1,070). Utilising this cost per spell and number of spells, the estimated annual cost
burden to hospitals due to E. coli bacteraemia in 2011/12 was £14,346,400 (Table 7). Adjusting
only for time dependency bias, excess annual costs associated with third generation cephalo-
sporin resistance and piperacillin/tazobactam (comparative to if these had been susceptible
infections) were £366,600 (95% CI; £194,927 –£550,000) and £275,400 (95% CI; £105,200 -
£436,600) respectively (Table 7). That is to say, if all third generation cephalosporin resistant
infections had been susceptible it was estimated that £366,600 would not have been spent on
those infections (based on reduced LoS).
Discussion
This study estimated that E. coli bacteraemia (both resistant and susceptible) is significantly
associated with a higher daily risk of experiencing in-hospital mortality, with time- and
Table 6. Subgroup analyses of in-hospital mortality and length of stay outcomes.
Subgroup (Sex,
Age)
Exposure Sample size Cumulative Incidence of In-hospital Death at
Day 45
% (95% CI)
Excess Length of Stay Compared to Non-Infected
Non-exposed
Days (95% CI)
Escherichia coli bacteraemia subgroup analyses
Males,
18–64
Non-infected non-
exposed
1,983,009 0.44 (0.43,0.45) -
E. coli Bacteraemia 1,708 12.01 (10.48,13.75) † 4.54 (4.07,5.02) †
Females,
18–64
Non-infected non-
exposed
3,196,801 0.21 (0.21,0.22) -
E. coli Bacteraemia 2,336 6.88 (5.91,8.00) † 3.75 (3.38,4.08) †
Males,
65+
Non-infected non-
exposed
1,883,117 2.53 (2.51,2.55)
E. coli Bacteraemia 4,919 17.28 (16.21,18.41) † 2.48 (2.22,2.78) †
Females,
65+
Non-infected non-
exposed
1,856,125 2.78 (2.76,2.81) -
E. coli Bacteraemia 5,079 15.86 (14.85,16.94) † 2.26 (1.96,2.58) †
Third general cephalosporin susceptibility subgroup analyses
Males,
18–64
Resistant 124 13.15 (8.01,21.17) 5.22 (3.54,6.92)
Susceptible 124 11.93 (10.35,13.73) 4.48 (3.97,5.00)
Females,
18–64
Resistant 113 15.06 (9.28,23.92) † 4.50 (2.94,6.08)
Susceptible 2,223 6.50 (5.54,7.62) 3.71 (3.36,4.04)
Males,
65+
Resistant 320 25.55 (20.82,31.12) † 3.96 (2.69,5.23)
Susceptible 4,599 16.75 (15.66,17.90) 2.38 (2.10,2.68)
Females,
65+
Resistant 322 15.31 (11.65,19.97) 3.89 (2.67,4.99)
Susceptible 4,757 15.90 (14.85,17.01) 2.15 (1.84,2.47)
Piperacillin/tazobactam susceptibility subgroup analyses
Males,
18–64
Resistant 105 10.04 (5.33,18.46) 5.13 (3.35,6.85)
Susceptible 1,603 12.13 (10.55,13.93) 4.50 (4.02,5.01)
Females,
18–64
Resistant 113 11.95 (6.94,20.16) 4.75 (2.85,6.73)
Susceptible 2,223 6.64 (5.67,7.77) 3.69 (3.32,4.07)
Males,
65+
Resistant 337 24.70 (20.10,30.15) † 3.68 (2.48,4.83)
Susceptible 4,582 16.80 (15.71,17.95) 2.39 (2.12,2.72)
Females,
65+
Resistant 293 17.16 (13.07,22.36) 3.37 (2.31,4.52)
Susceptible 4,786 15.79 (14.75,16.89) 2.19 (1.89,2.50)
† Significant difference as defined by confidence intervals.
Abbreviations: CI; confidence interval.
https://doi.org/10.1371/journal.pone.0221944.t006
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covariate-adjusted E. coli bacteraemia exposure being associated with a SHR of 5.88 (95% CI;
5.62,6.15). E. coli bacteraemia places a substantial cost burden on NHS hospitals, being associ-
ated with an excess LoS of almost four days per infection and an annual cost of over £14 mil-
lion (time-adjusted).
Though resistance to most antibiotics (tested in this analysis) was associated with a signifi-
cantly increased cumulative incidence of in-hospital mortality when tested on the full sample,
this result did not hold in subgroup analyses. Across the different models utilised, resistance to
either piperacillin/tazobactam or to third generation cephalosporin was found to have a signif-
icant impact on LoS, and therefore estimated costs. Third generation cephalosporin resistance
was estimated to have an excess cost of over £350,000 between July 2011 –June 2012, when just
accounting for time dependency bias.
Comparison with previous research
A study estimating the impact of third generation cephalosporin resistant and susceptible
Enterobacteriaceae bloodstream infections in Europe found susceptible infections (compared
to “non-infected”) to have an excess LoS of 4.36 days (95% CI; 3.91–4.81) [11]. This is similar
to our estimate of 3.71 days (95% CI; 3.29–4.13) for any E. coli bacteraemia. However, the
impact of resistance in the European study was higher than in ours. We estimated resistance to
third generation cephalosporins to increase LoS (comparative to susceptible controls) by 1.58
(95% CI; 0.84–2.31) days, compared to their estimate of 3.53 days (95% CI; 2.08–4.96) [11].
However, this could partly be due to the lower reliance on third generation cephalosporins in
England than in Europe [29,30], though the impact of all other antibiotic resistances (such as
piperacillin/tazobactam) was still less than 3 days in our analysis. This could also be due to the
inclusion of “non-tested” into our susceptible group, which could mean our results are
Table 7. Excess costs associated with E. coli bacteraemia.
Exposure of Interest Incremental Excess Cost in
2012 £s
(95% CI) a
Excess Annual Cost in 2012 £s
(95% CI) b
Compared to ‘Non-infected’ Non-exposed
E. coli Bacteraemia 1,020
(970–1,070)
14,346,400
(13,679,200–14,976,700)
Compared to Susceptible Infections
E. coli bacteraemia resistant to at least one
tested antibiotic���
220
(100–340)
583,100
(274,000–906,200)
Third Generation Cephalosporin resistant E.
coli bacteraemia
420
(220–630)
366,600
(194,927–550,000)
Ciprofloxacin resistant E. coli bacteraemia 120
(-30–270)
219,000
(-47,600–490,300)
Gentamicin resistant E. coli bacteraemia 230
(60–410)
217,100
(51,200–378,100)
Piperacillin/tazobactam susceptible E. coli
bacteraemia
320
(120–510)
275,400
(105,200–436,600)
Costs and 95% confidence intervals were derived applying a unit cost to estimates of excess LoS.
aRounded to the nearest £10
bRounded to the nearest £100.
Abbreviations: £; Great British Pound, CI; confidence interval.
���Tested antibiotics included ciprofloxacin, third generation cephalosporins, gentamicin, piperacillin/tazobactam
and carbapenems.
https://doi.org/10.1371/journal.pone.0221944.t007
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conservative. This is the first study estimating the impact of other antibiotic resistances on LoS
(with regards to E. coli bacteraemia), such as piperacillin/tazobactam or ciprofloxacin, whilst
adjusting for time dependency and patient characteristics. Ciprofloxacin was found to not
have a significant impact on LoS across the multistate model analyses. One reason for this
observation could be the reduced usage of such fluoroquinolones in England, in an attempt to
reduce Clostridium difficile infections [31].
In terms of impact on mortality, when adjusting for competing risks and patient covariates
(utilising subdistribution hazards and subgroup cumulative incidence of in-hospital mortality),
a significant impact of resistance was not generally seen. This is not in agreement with a compa-
rable European study on Enterobacteriaceae-related bacteraemia, which found third generation
cephalosporin resistance to have a significant impact [HR = 1.63 (95% CI: 1.13–2.35)] [11]. This
again could be due to a lower reliance on such antibiotics in England [29,30], or due to reduced
study power in the subgroup analyses. Our results are in agreement with an earlier European
study, which found such resistance in E. coli bacteraemia was not significantly associated with
mortality [HR = 2.5 (95% CI; 0.9–6.8)] [8], though the cited study had limited power to detect a
true effect as evidenced by the wide confidence intervals. A study on 30-day all-cause mortality
utilising similar data-sources found that ciprofloxacin did have a significant impact on mortal-
ity, whereas our analysis did not find ciprofloxacin resistance to be significantly associated with
in-hospital mortality [12]. This may be as our results adjust for patient comorbidity, something
the aforementioned study was unable to do due to data limitations [12]. Our adjustment for
patient comorbidity (the modified Elixhauser comorbidity index [26]) was dependent on ICD-
10 codes for the index hospitalization, which may therefore include conditions which developed
post-bacteraemia episode. However, this risk was reduced by only utilising the codes stated in
the initial Finished Consultant Episode of a patient’s hospital spell.
Implications
E. coli bacteraemia was found in this study to cause a considerable cost burden in terms of
excess LoS. This, in addition to the increase in the incidence in E. coli bacteraemia seen over
the past few years and the recent policy to attempt to reduce Gram-negative bacteraemia in
NHS hospitals [6,32], would suggest evidence-based national bacteraemia treatment guidance
may be beneficial. The study showed that it was not just resistant infections that had a large
cost impact, but that antibiotic susceptible E. coli bacteraemia are associated with substantial
excess costs too. This would indicate that there is a need to tackle E. coli bacteraemia in gen-
eral, not just focus on reducing resistant infections.
While there has been investment through initiatives to encourage infection control in the
hospital setting [4–6], in this study hospital-onset infections accounted for less than a quarter
of all E. coli bacteraemia cases, suggesting purely hospital focused initiatives may be limited in
their impact. In addition, subgroup analysis suggests that community onset infections are asso-
ciated with a larger burden in terms of excess LoS. This would indicate that policies to improve
the treatment of less serious infections (such as urinary tract infections) arising in the commu-
nity that can develop into bacteraemia [20] could be something to be further investigated in
terms of reducing the cost burden of E. coli bacteraemia. However, it should be noted that
community-onset healthcare-associated infections were not distinguished from community-
onset community-associated infections when estimating the impact of such infections.
Strengths and limitations
Our study is the first to estimate excess LoS associated with antibiotic resistant bloodstream
infections utilising a multistate model methodology and a nationally representative dataset,
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providing a large sample size of over 8 million non-exposed spells and over 14,000 exposed
spells. It provides the first national estimate on the annual cost burden of E. coli bacteraemia.
Our study accounts for time-dependency bias and additional covariates in estimating excess
LoS. Both the Cox models and multistate models are in agreement that piperacillin/tazobactam
and third generation are associated with the largest impact on time to discharge/excess LoS,
with ciprofloxacin estimated to have either the least or a non-significant impact. This agree-
ment across different models (with different structures) reduces the likelihood that such con-
clusions due to type one error.
One limitation of this study is that it is retrospective in nature and a cohort study based on
data collected for other purposes, meaning that some data used may have been wrongly coded,
missing or skewed. For example, the laboratory data collected on resistance profiles was from a
voluntary database, meaning certain institutions with certain characteristics may more com-
monly report these isolate results. However, PHE has stated within national surveillance
reports that the susceptibility surveillance data reported from LabBase2 are nationally repre-
sentative, with an ascertainment rate of over 84% (in relation to mandatory E. coli surveillance)
in 2012–2013 [7, 32]. Our analysis did not include antibiotic exposure, since data were not
available, though did account for timing of infection through time dependent covariates and
multistate methodology [16,27].
A further limitation of our study is that we cannot exclude the possibility that our results,
despite adjustment for patient demographics and comorbidities, are overestimating the impact
of E. coli bacteraemia on in-hospital mortality and LoS. For example, we did not have informa-
tion about potential time-dependent confounders that could confound the association
between hospital-acquired bacteraemia and in-hospital mortality and length of stay, such as
the evolution of underlying severity of illness or invasive producers. If such data would be
available, g-methods like marginal structural models with inverse probability weighting could
be used to adjust for potential time-dependent confounders.[33]. It should also be reiterated
that the results of this analysis are only related to excess hospital days and deaths occurring
during the first 45 days of patient’s stay. However, this captures the vast majority of infections,
and aligns this research with previous work [11].
Inherently the multistate model methodology only accounts for time dependency bias and
does not correct for patient or hospital characteristics, however, subgroup analyses were per-
formed to provide estimates in relation to different sample populations. Though subgroup
analyses provide useful estimates in clinical practice, this led to smaller sample sizes and thus
reduced statistical power. Nonetheless, in all tests the number of resistant cases was above that
of 100, providing similar numbers of resistance cases as utilised in previous estimations of anti-
microbial resistance hospital burden [8,11].
Place of onset was also compared utilising subgroup analysis, however the cut-off for inclu-
sion in each category (2 days post-admission for inclusion in hospital-onset) is arbitrary and
may incorporate bias in its current form. In addition, there is no analysis in trends over time,
as the scale of this analysis is limited to one year (July 2011 –June 2012). However, until the
2016/17 incentives to reduce Gram-negative bloodstream infections there were no national
changes in governmental recommendations for the treatment of E. coli bloodstream infections
[34], meaning that the estimates should be generalizable outside the years in the study cohort.
Carbapenem resistance was not investigated individually, given that there were only 11 cases
in our sample, though was included as a potential resistance for the “resistant to one or more
of the tested antibiotics” group. Carbapenem resistance is a major cause for concern [35], and
investigation into the current and potential future impact of such resistance is needed.
The impact of resistance on mortality, LoS and subsequent costs was estimated by grouping
tested-susceptible and non-tested subjects. This approach may have introduced bias, as those
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not-tested could theoretically be resistant, however descriptive and time-to-event statistics
were utilised to verify this assumption. Bias introduced in this sense would mean our estimates
are likely conservative. The costing does not account for any additional drug costs, procedural
costs, ‘infection prevention and control’ costs, or costs due to subsequent treatment in the
community or readmission to hospital, meaning our estimates are likely conservative. How-
ever, recent literature suggests that LoS is a key cost factor when estimating the costs of hospi-
tal-onset infections [23], meaning our estimates likely account for a key proportion of costs.
Our costing is an average unit cost of a hospital bed day and applied to all admission types, in
reality a patient who was in intensive care could likely cost much more. Co-resistance was not
taken into account within our analysis, since each infection type was analysed in the Cox and
multistate models separately, to reduce computational complexity. Levels of co-resistance have
remained stables over recent years within such infections [36].
Furthermore, in-hospital all-cause mortality is utilised as an outcome rather than total
attributable mortality or 30-day mortality. Further data linkage for both cases and non-
exposed to the office of national statistics mortality dataset would allow the full impact of infec-
tion on mortality, utilising Cox proportional hazards models, to be investigated in future
research.
Conclusions
The growing incidence of serious bacterial infections and the prevalence of antibiotic resis-
tance are a threat to both patients and healthcare systems. Our findings quantify the cost and
mortality burden of E. coli bacteraemia and the influence of different resistances on this; esti-
mating an annual excess cost of over £14 million and over £500,000 for E. coli bacteraemia and
‘resistance to at least one tested antibiotic’ respectively. Such findings will be useful for those
identifying priorities for investment, infection control and modelling the health and economic
impact of future trends in resistance. Additional research is needed to identify modifiable
health system and wider factors which could improve the outcomes of patients with and sus-
ceptible E. coli bacteraemia, to aid the development of effective interventions aimed at reduc-
ing such infections. Our findings suggest such interventions could potentially improve care for
patients while potentially reducing health system costs, though dependent on intervention
effectiveness and costs.
Supporting information
S1 Table. Cumulative incidence of in-hospital mortality. Results of cumulative incidence of
mortality functions by day 45.
(DOCX)
S2 Table. Excess length of stay in comparison to “non-infected” non-exposed. Additional
length of stay results from multistate models.
(DOCX)
S3 Table. Excess length of stay in subgroup analysis. Additional length of stay results from
multistate models.
(DOCX)
Acknowledgments
The authors would like to acknowledge Dr Berit Muller-Pebody, Mehdi Minaji and Dr Esther
Van Kleef for help in data management and coding.
Burden of antibiotic resistant and susceptible Escherichia coli bacteraemia
PLOS ONE | https://doi.org/10.1371/journal.pone.0221944 September 10, 2019 16 / 19
Author Contributions
Conceptualization: Nichola R. Naylor, Russell Hope, Gwenan M. Knight, Rifat Atun, Julie V.
Robotham, Sarah R. Deeny.
Data curation: Russell Hope.
Formal analysis: Nichola R. Naylor, Koen B. Pouwels.
Funding acquisition: Rifat Atun, Julie V. Robotham.
Methodology: Nichola R. Naylor, Koen B. Pouwels, Russell Hope, Nathan Green, Katherine L.
Henderson, Gwenan M. Knight, Rifat Atun, Julie V. Robotham, Sarah R. Deeny.
Project administration: Nichola R. Naylor, Sarah R. Deeny.
Supervision: Gwenan M. Knight, Rifat Atun, Julie V. Robotham, Sarah R. Deeny.
Validation: Koen B. Pouwels, Nathan Green, Katherine L. Henderson.
Writing – original draft: Nichola R. Naylor.
Writing – review & editing: Nichola R. Naylor, Koen B. Pouwels, Russell Hope, Nathan
Green, Katherine L. Henderson, Gwenan M. Knight, Rifat Atun, Julie V. Robotham, Sarah
R. Deeny.
References
1. World Health Organization. Antimicrobial resistance: global report on surveillance. World Heal Organ
[Internet]. 2014; Available from: http://apps.who.int/iris/handle/10665/112642
2. European Centre for Disease Prevention and Control. Proposals for draft EU guidelines on the prudent
use of antimicrobials in human medicine. 2016.
3. Centers for Disease Control and Prevention. Antibiotic resistance threats in the United States, 2013.
Current [Internet]. 2013;1–114. Available from: http://www.cdc.gov/drugresistance/threat-report-2013/
index.html
4. Department of Health, Department for Environment Food and Rural Affairs. UK Five Year Antimicrobial
Resistance Strategy 2013 to 2018 [Internet]. 2013. Available from: https://www.gov.uk/government/
uploads/system/uploads/attachment_data/file/244058/20130902_UK_5_year_AMR_strategy.pdf
5. The AMR Review. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations
the Review on Antimicrobial Resistance [Internet]. 2016. Available from: https://amr-review.org/
Publications
6. Department of Health. Reducing infections in the NHS [Internet]. 2016 [cited 2017 Jun 19]. Available
from: https://www.gov.uk/government/news/reducing-infections-in-the-nhs
7. Public Health England. English surveillance programme for antimicrobial utilisation and resistance
(ESPAUR) 2010 to 2014. 2015;
8. de Kraker ME a, Wolkewitz M, Davey PG, et al. Burden of antimicrobial resistance in European hospi-
tals: Excess mortality and length of hospital stay associated with bloodstream infections due to Escheri-
chia coli resistant to third-generation cephalosporins. J Antimicrob Chemother. 2011; 66(2):398–407.
https://doi.org/10.1093/jac/dkq412 PMID: 21106563
9. Jackson L a, Benson P, Neuzil KM, Grandjean M, Marino JL. Burden of community-onset Escherichia
coli bacteremia in seniors. J Infect Dis [Internet]. 2005; 191(9):1523–9. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/15809912 https://doi.org/10.1086/429344 PMID: 15809912
10. de Kraker MEA, Stewardson AJ, Harbarth S. Will 10 Million People Die a Year due to Antimicrobial
Resistance by 2050? PLoS Med. 2016; 13(11):1–6.
11. Stewardson AJ, Allignol A, Beyersmann J, et al. The health and economic burden of bloodstream infec-
tions caused by antimicrobial-susceptible and non-susceptible Enterobacteriaceae and Staphylococcus
aureus in European hospitals, 2010 and 2011: a multicentre retrospective cohort study. Eurosurveil-
lance. 2016; 21(33):1–12.
12. Abernethy JK, Johnson AP, Guy R, et al. Thirty day all-cause mortality in patients with Escherichia coli
bacteraemia in England. Clin Microbiol Infect [Internet]. 2015; 21(3):251.e1–251.e8. Available from:
http://dx.doi.org/10.1016/j.cmi.2015.01.001
Burden of antibiotic resistant and susceptible Escherichia coli bacteraemia
PLOS ONE | https://doi.org/10.1371/journal.pone.0221944 September 10, 2019 17 / 19
13. Stewardson A, Fankhauser C, De Angelis G, et al. Burden of bloodstream infection caused by
extended-spectrum β-lactamase-producing enterobacteriaceae determined using multistate modeling
at a Swiss University Hospital and a nationwide predictive model. Infect Control Hosp Epidemiol [Inter-
net]. 2013; 34(2):133–43. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23295559 https://doi.
org/10.1086/669086 PMID: 23295559
14. Matt Dowle M, Srinivasan A, Gorecki J, et al. Package “data.table” [Internet]. CRAN. 2017. Available
from: http://r-datatable.com
15. Allignol A. Package “etm.” CRAN. 2015.
16. Therneau T, Crowson C, Atkinson E, Crowson C, Atkinson E. Using Time Dependent Covariates and
Time Dependent Coefficients in the Cox Model Time dependent covariates. CRAN. 2017.
17. Putter H, de Wreede L, Fiocco M, Geskus R. Package “mstate” [Internet]. 2016. Available from: http://
www.msbi.nl/putter
18. Digital NHS. Estates Return Information Collection [Internet]. NHS Digital; [cited 2017 Mar 4]. Available
from: http://hefs.hscic.gov.uk/ERIC.asp
19. Health & Social Care Information Centre. Hospital Episode Statistics [Internet]. [cited 2015 Oct 10].
Available from: http://www.hscic.gov.uk/hes
20. Bou-Antoun S, Davies J, Guy R, et al. Descriptive epidemiology of Escherichia coli bacteraemia in
England, April 2012 to March 2014. Euro Surveill Bull [Internet]. 2016; 21(35):1–9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27608263%0Ahttp://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=PMC5015457%0Ahttp://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=22569
21. Health and Social Care Informfomation. Hospital Episode Statistics [Internet]. Hospital Episode Statisi-
tics, Admissions and Diagnosis. 2015. Available from: http://www.hscic.gov.uk/hes
22. Green N, Johnson a. P, Henderson KL, et al. Quantifying the Burden of Hospital-Acquired Bloodstream
Infection in Children in England by Estimating Excess Length of Hospital Stay and Mortality Using a Mul-
tistate Analysis of Linked, Routinely Collected Data. J Pediatric Infect Dis Soc [Internet]. 2014;1–8.
Available from: https://doi.org/10.1093/jpids/pit083
23. Graves N, Harbarth S, Beyersmann J, et al. Estimating the cost of health care-associated infections:
mind your p’s and q’s. Clin Infect Dis. 2010; 50(7):1017–21. https://doi.org/10.1086/651110 PMID:
20178419
24. Austin PC, Lee DS, Fine JP. Introduction to the Analysis of Survival Data in the Presence of Competing
Risks. Circulation. 2016; 133(6):601–9. https://doi.org/10.1161/CIRCULATIONAHA.115.017719 PMID:
26858290
25. Aalen OO, Johansen S. An empirical transition matrix for nonhomogeneous Markov chains based on
censored observations. Scand J Stat [Internet]. 1978; 5(3):141–50. Available from: http://www.jstor.org/
stable/4615704
26. Bottle A, Aylin P. Comorbidity scores for administrative data benefited from adaptation to local coding
and diagnostic practices. J Clin Epidemiol. 2011; 64(12):1426–33. https://doi.org/10.1016/j.jclinepi.
2011.04.004 PMID: 21764557
27. Beyersmann J, Wolkewitz M, Allignol A, Grambauer N, Schumacher M. Application of multistate models
in hospital epidemiology: Advances and challenges. Biometrical J. 2011; 53(2):332–50.
28. Department of Health. NHS reference costs: financial year 2011 to 2012 [Internet]. 2012 [cited 2015
May 19]. Available from: https://www.gov.uk/government/publications/nhs-reference-costs-financial-
year-2011-to-2012
29. Holden S, Clarkson A. Guidelines for the Empirical Treatment of Sepsis in Adults (excluding Neutrope-
nic Sepsis) [Internet]. 2018. Available from: https://www.nuh.nhs.uk/handlers/downloads.ashx?id=
60988
30. National Institute for Health and Care Excellence (NICE). Sepsis: recognition, diagnosis and early man-
agement. 2016.
31. Dingle KE, Didelot X, Quan TP, et al. Effects of control interventions on Clostridium difficile infection in
England: an observational study. Lancet Infect Dis. 2017; 17(4):411–21. https://doi.org/10.1016/S1473-
3099(16)30514-X PMID: 28130063
32. Public Health England. English surveillance programme for antimicrobial utilisation and resistance
(ESPAUR). 2014;1–143. Available from: www.gov.uk/phe%5Cnwww.facebook.com/
PublicHealthEngland
33. Pouwels KB, Vansteelandt S, Batra R, Edgeworth JD, Smieszek T, Robotham JV. Intensive care unit
(ICU)-acquired bacteramia and ICU moratality and discharge: addressing time-varying confounding
using appropriate methodology. J Hosp Infect. 2018; 99(1):42–47. https://doi.org/10.1016/j.jhin.2017.
11.011 PMID: 29175434
34. NHS England. Quality Premium: Guidance for 2016/17. 2016.
Burden of antibiotic resistant and susceptible Escherichia coli bacteraemia
PLOS ONE | https://doi.org/10.1371/journal.pone.0221944 September 10, 2019 18 / 19
35. ECDC. Last-line antibiotics are failing: options to address this urgent threat to patients and healthcare
systems. Ecdc Policy Brief. 2016;
36. Public Health England. English surveillance programme for antimicrobial utilisation and resistance
(ESPAUR). 2017;1–143. Available from: www.gov.uk/phe%5Cnwww.facebook.com/PublicHealth
England
Burden of antibiotic resistant and susceptible Escherichia coli bacteraemia
PLOS ONE | https://doi.org/10.1371/journal.pone.0221944 September 10, 2019 19 / 19
